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Abstract. In considering hen-housing systems, applicable heat and moisture production values 
are essential to producing properly designed and managed ventilation and supplemental 
heating systems. The aviary system is one housing type under consideration by egg producers.  
The aviary system has a much lower bird stocking density and more freedom of movement 
compared to conventional cage housing.  This study was conducted to obtain baseline heat and 
moisture production values for Hy-Line Brown hens in such barns in the Midwestern US. The 
study continually monitored the house-level thermal environment, air quality, and bird production 
performance of two commercially operated 50,000-hen aviary houses over a 19-month period. 
The two houses used similar management strategies and Hy-Line Brown hens with a 20-week 
difference in age.  Data were collected for a complete flock (17-83 weeks, no molt) in each 
house.  Total heat production (THP) of the hens, house-level moisture production (MP), house-
level sensible heat production (SHP), and respiratory quotient (RQ) were determined from 
monitored variables using indirect calorimetry and mass/energy balance, respectively.  
Variations in THP, MP, SHP and RQ within the day were delineated. Results of the study 
showed the THP, house-level MP, house-level SHP and RQ values of 5.94 W/kg, 1.83 W/kg, 
4.11 W/kg, and 0.94 for the aviary housing system. The new data are expected to improve the 
design and operation of building ventilation and supplemental heating system, and ultimately 
production efficiency of the aviary housing systems. The THP and RQ data will also prove 
useful to indirect determination of building ventilation rate using CO2 balance method. 
Keywords. Aviary, Bioenergetics, Indirect Calorimertry, Environmental Control, Laying Hen 
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Introduction 
In the past decade there has been increased pressure to move from conventional cage laying-
hen houses to non-cage and/or enriched cage housing systems.  However, limited information 
is available on the management, performance, and production from these alternative systems, 
particularly as they are operated in the U.S.  This study was conducted in aviary barns (a form 
of non-cage housing system) with the Natura 60 design (Big Dutchman, Holland, MI, USA).   
Heat and moisture production of animals and their housing systems are affected by genetics, 
dietary nutrition, animal age or production stage, activity level, thermal environment, and 
manure management practices  (Chepete and Xin, 2001).  As we look to assign heat and 
moisture production values to alternative systems like the aviary system, both the activity level 
of the bird and the genetics could be different from conventional housing (Green and Xin, 
2009a,b). Very few studies have been done to measure heat and moisture production under 
commercial poultry production conditions.  There have been a few done on layers, pullets and 
broiler breeders (Feddes et al., 1985; O'Connor et al., 1987; Zulovich et al., 1987).  All of these 
studies were direct calorimetry studies (where wet-bulb and dry-bulb temperatures were taken 
and sensible and latent heat production rates were calculated).  In such direct calorimeter 
studies other heat sources (e.g., space heaters, motors, lights) are difficult to quantify and 
excluded from the calculation.   
The objectives of this study were to quantify whole-house total and latent heat production rates 
of the aviary system.  These numbers were to be compared to current literature and broken 
down into light and dark period to evaluate the impact of bird activity on heat production rates.  
Indirect calorimetry was used for quantifying THP of the hens,  while mass balance was used to 
quantify house-level moisture production (MP), and finally the difference between THP and 
house-level latent heat production (LHP, derived from MP) was used to determine the house-
level sensible heat production (SHP). These data will be useful in more efficient design and 
operation of the ventilation system. 
Materials and Methods 
The study was conducted in 2 barns at one site in Iowa over 19 months in an effort to capture 
flocks from placement to the end of production.   Each house measured 167.6 m x 19.8 m with a 
capacity of 50,000 hens (Hy-Line Brown) and a production cycle of 17 to about 80 weeks of age 
(new flock started the fourth week of April 2010 in barn 3 and the second week of September 
2010 in barn 2). To minimize floor eggs and improve manure management, the hens were 
trained to be off the floor and return to the aviary colonies at night and remained in the colonies 
until the next morning. Each colony had three tiers and manure belt with a manure-drying air 
duct placed underneath the lower two cage tiers. The three tiers were divided into nest, perch, 
wire floor, feeding, and drinking areas. Each house had 20 exhaust fans, all on one sidewall (fig. 
1), including twelve 1.2 m, four 0.9 m, and four 0.5 m fans. Ceiling box air inlets were used. 
Compact fluorescent lighting was used.  
The building ventilations rate (VR) was determined based on in situ calibrated fan curves with 
fan assessment numeration systems (FANS) sized 0.9 m (36 inch), 1.2 m (48 inch), and 1.4 m 
(54 inch). Individual fan curves were established for each stage (1-8) including operational 
ranges of the variable speed control of the lower stages (Gates et al., 2004).  The runtime of 
fans was recorded continuously with inductive current switches (Muhlbauer et al., 2011).  
Magnetic proximity sensors (MP1007, ZF Electronics, Wisconsin) were used to measure the fan 
speed (rpm) of the variable speed fans.  Fan runtime and speed along with the corresponding 
building static pressure were recorded every second.  Using the calibrated curves for each 
stage with the above data an overall building VR was calculated.  All data were collected in a 
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data acquisition system (DAQ, Compact Fieldpoint, National Instruments, Texas).  All samples 
taken at 1 second intervals were averaged to 30-second values and reported to the on-site PC.   
 
 
 
Figure 1. Schematic representation of the aviary laying hen houses and air sampling locations.  
Concentrations of CO2 and dew-point temperature at four locations in each house were 
measured continually with a fast-response and high-precision photoacoustic multi-gas analyzer 
(model 1412, Innova AirTech Instruments, Denmark).  Oxygen concentration was measured 
with a paramagnetic gas analyzer (755A, Rosemount Analytical, California, USA).  Two 
locations (near two continuous ventilation fans) were combined into one composite sample, 
hence there were two composite sampling lines per barn.  Fluorinated ethylene propylene 
Teflon tubing (0.95-cm or 3/8-inch o.d. and 0.635-cm or ¼-inch i.d.) was used for the air 
sampling lines. Each sampling port was equipped with a dust filter to keep large particulates 
from plugging the sample tubing or damaging the gas analyzer. Since one gas analyzer was 
used to measure multiple locations in two barns, the air samples from all locations were taken 
sequentially using an automatically controlled (positive-pressure) gas sampling system. To 
ensure measurement of the real concentration values, considering the response time of the 
analyzer, each location were sampled for 6 minutes, with the first 5.5 min for stabilization and 
the last 0.5 minute readings for measurement.  This sequential measurement yielded 24-min 
data of gaseous concentrations. In addition, every 2 hours the outside air was drawn and 
analyzed. The less frequent sampling and analysis of the outside air was because its 
compositions remain much more stable than those of the indoor air. The values for heat and 
moisture production were calculated every 30 seconds and averaged to determine daily heat 
and moisture production rates.   
THP of the hens was determined using the indirect calorimetry technique. Namely, THP of the 
birds can be related to their O2 consumption and CO2 production, of the following form 
(Brouwer, 1965): 
THP = 16.18 O2+5.02 (CO2 - CO2manure)     [1] 
 where THP = total heat production rate of the animal, W  
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 O2  = oxygen consumption rate, mL s-1 
 CO2  = total carbon dioxide production rate of the house, mL s-1  
 CO2manure = carbon dioxide produced from litter & manure belt, mL s-1 
The O2 consumption rate and CO2 production rate were determined from the data of O2 and CO2 
concentrations for both incoming and exhaust air and the building VR adjusting for changes in 
temperature, pressure, and moisture content (McLean, 1972).  The values of manure CO2 
production rate for the belts came from Ning (2008) in a lab study on the effect of manure 
accumulation time.  The belts ran 1/3rd per day in the winter and 1/7th per day in the summer.     
CO2manure = CO2belt + CO2litter            [2]  
where CO2belt = Summer (7-day belt cycle) = 0.05* CO2 ; Winter (3-day belt cycle) = 0.01* CO2 
 CO2litter =  0.03 * CO2 
For the litter, because the moisture content is lower than that of manure on belts, an empirical 
value was found.  A static flux chamber similar to Gates et al. (1997) and Ferguson et al. (1998) 
was used to determine CO2 emission rate from the litter.  The measurements were taken for 30 
minutes per location during spring, summer and fall visits. 
MP at the house level, including latent heat of the birds and moisture evaporation from the 
manure or spilled water, was calculated by the following mass-balance equation: 
MP= ρ Q (Wo – Wa)        [3] 
where  MP       = moisture production rate, kg s-1 
 Wo, Wa = humidity ratio of outlet and ambient air, respectively, g g-1 
 Q         = building ventilation rate, m3 s-1 
 ρ          = air density, g m-3. 
SHP at the house level was calculated as the difference between THP of the hens and latent 
heat production of the barn, of the form: 
SHP = THP - MP·hfg ·1000       [4] 
where   hfg = 2427 latent heat of vaporization for water, J/g 
 1000 = conversion of MP from kg s-1 to g s-1  
Results and Discussion 
Over the 19 months THP and SHP had 58% data completeness due to issues with either the 
INNOVA or the O2 analyzer.  Because MP determination was not dependent on the oxygen 
analyzer, it had 68% data completeness.  THP showed a diurnal pattern of increasing as lights 
came on and again when birds were given access to the littered floor area (fig. 2). The data are 
summarized in Table 1. Figure 3 show the daily THP, LHP, and SHP on a whole house basis.   
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Figure 2. Typical winter diurnal total heat production (THP) pattern under minimum VR of 
0.6m3/hr-bird.  Lights came on at 5:45AM. The birds were given floor access at 11:45AM, light 
were off at 9:45PM. 
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Figure 3. Daily total, latent, and sensible heat production of Hy-Line brown hens in aviary 
housing system. House 3 flock was 24 weeks at the beginning of monitoring, new flocks at 17 
weeks were placed in houses 2 and 3 the first week of Sept. 2010 and 2011, respectively. 
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Table 1. Average daily total, latent and sensible heat production rates (THP, LHP, SHP) of Hy-
Line brown laying hens in aviary houses (mean and std error) for light and dark periods as well 
as a time weighted average (TWA).  
    RQ THP (W/kg) LHP (W/kg) SHP (W/kg) 
    TWA Light Dark TWA Light Dark TWA Light Dark TWA 
House 
2 
Mean  0.89 6.53 4.51 6.27 2.14 1.57 1.97 4.39 3.94 4.35 
SE 0.007 0.11 0.14 0.11 0.05 0.04 0.03 0.09 0.11 0.11 
House 
3 
Mean  0.89 5.80 4.21 5.40 1.86 1.47 1.69 3.94 3.74 3.69 
SE 0.008 0.08 0.07 0.07 0.04 0.03 0.03 0.07 0.06 0.07 
Overall Mean  0.89 6.17 4.36 5.94 2.00 1.52 1.83 4.17 3.84 4.11 
SE 0.008 0.10 0.11 0.09 0.04 0.03 0.03 0.08 0.08 0.08 
Overall, the daily average heat and moisture production values (mean ± SE, W/kg) were THP of 
5.9 (±0.09), LHP of 1.83 (±0.03), and SHP of 4.1 (±0.08). These values were pooled averages 
over a complete flock of the Hy-Line brown hens between 17 and 83 weeks of age.  Overall 
these values matched or were slightly lower than the literature reported values for white birds.  
In conventional housing THP of white hens (Hy-Line W36) ranges from 6.5 to 6.9 W/kg, LHP 
ranges from 2.8 to 3.5 W/kg, and SHP ranges from 3.1 to 3.3 W/kg (Chepete et al., 2004; Green 
and Xin, 2009a).  These brown birds were 15 to 20% heavier than those white hens, and 
specific heat production rate (W/kg) is expected to decrease with increasing body mass (per 
surface area law).  The average daily RQ for both houses was 0.89.  This RQ is in line with 
literature values of 0.88 and 0.92 (Xin et al., 1996; Chepete et al., 2004).   
The relationship of THP to LHP should be noted.  On average LHP accounted for 31% of THP.  
This value was on the lower end of the reported data where manure moisture losses are 
accounted for in the room-level MP.  Literature values are closer to 40% (Chepete et al., 2004). 
The reduction in THP from light to dark has been reported to be 25-26% (Xin et al., 1996), 25% 
(Xin and Green, 2009a), and 35% (MacLeod and Jewitt, 1984).  This study showed 
approximately 30% THP reduction from light to dark.  Since THP is related to physical activities 
(Boshouwers and Nicaise, 1985), the higher-level activities of the hens in the aviary houses, as 
compared to hens in conventional cage housing, during the lighted hours would have caused 
the lighted THP to be greater relative to the dark THP.   
Conclusions 
Total heat production rate (THP) of Hy-Line brown laying hens and house-level latent heat or 
moisture production (LPH, MP) and sensible heat production rate (SHP) in an aviary housing 
system (two houses of approximately 50,000 hens per house) were quantified over the entire 
production cycle (17 – 83 wk) using indirect calorimetry technique.  Specific THP values were 
6.17, 4.36, and 5.94 W/kg for light periods, dark periods, and daily time-weighted average 
(TWA), respectively.  Specific LHP values were 2.00, 1.52, 1.83 W/kg for light periods, dark 
periods, and TWA, respectively.  Finally, specific SHP values were 4.17, 3.84, 4.11W/kg for light 
periods, dark periods, and TWA, respectively.  These heat and moisture production data lay a 
foundation for the design and efficient operation of ventilation, cooling and heating systems for 
the alternative aviary hen housing. 
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